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ABSTRACT
Complex turbulent motions of magnetized gas are ubiquitous in the interstellar
medium. The source of this turbulence, however, is still poorly understood. Previous
work suggests that compression caused by supernova shockwaves, gravity, or cloud
collisions, may drive the turbulence to some extent. In this work, we present three-
dimensional (3D) magnetohydrodynamic (MHD) simulations of contraction in turbu-
lent, magnetized clouds from the warm neutral medium (WNM) of the ISM to the
formation of cold dense molecular clouds, including radiative heating and cooling.
We test different contraction rates and find that observed molecular cloud proper-
ties, such as the temperature, density, Mach number, and magnetic field strength, and
their respective scaling relations, are best reproduced when the contraction rate equals
the turbulent turnover rate. In contrast, if the contraction rate is significantly larger
(smaller) than the turnover rate, the compression drives too much (too little) turbu-
lence, producing unrealistic cloud properties. The relation σ2s = ln(1+b
2M2) between
logarithmic density fluctuations (σs) and turbulent Mach number (M) is found to
be consistent with previous theoretical models that were based on artificially-driven
isothermal turbulence. Here we find that the effective turbulence driving parameter
of contraction-driven MHD turbulence subject to heating and cooling grows from
solenoidal (b ∼ 1/3) to compressive (b ∼ 1) during the contraction. Overall, the phys-
ical properties of the simulated clouds that contract at a rate equal to the turbulent
turnover rate, indicate that large-scale contraction induced by processes such as su-
pernova shockwaves, gravity, spiral-arm compression, or cloud collisions, may explain
the origin and evolution of turbulence in the ISM.
Key words: molecular cloud –ISM, magnetohydrodynamics – turbulence
1 INTRODUCTION
Molecular clouds (MCs) – the birthplace of the stars – have
been a matter of interest for the last few decades. Exten-
sive studies about the interstellar medium (ISM) and gi-
ant molecular clouds (GMC) have established that the gases
in the ISM and MCs are highly magnetized and superson-
ically turbulent in nature. The star formation rate (SFR)
in MCs is directly correlated with the physical properties
of the clouds. For example, it is a complex competition be-
tween supersonic turbulence and self-gravity along with the
column density, magnetic field, radiation, and thermal pres-
sure that determines when and where stars form inside the
clouds (Mac Low & Klessen 2004; Larson 2005; McKee &
? Contact e-mail: ankushm@iucaa.in
† Contact e-mail: christoph.federrath@anu.edu.au
Ostriker 2007). However, observations show that the rate of
the formation of stars is much slower than that expected if
the clouds were forming stars at a free-fall rate (Zuckerman
& Evans 1974; Wong & Blitz 2002; Gao & Solomon 2004).
Thus, this indicates that there are physical processes that
oppose the gravitational free-fall. The current understanding
is that supersonic turbulence plays a crucial role in oppos-
ing the fast gravitational collapse (Va´zquez-Semadeni et al.
2003; Mac Low & Klessen 2004; Federrath & Klessen 2012;
Padoan et al. 2014; Krumholz & Federrath 2019). However,
it has been established that un-driven supersonic turbulence
decays quickly, on a time scale comparable to the turnover
time of the largest eddies (Mac Low et al. 1998; Padoan &
Nordlund 1999). This means that turbulence must be driven
by some physical mechanism (Federrath et al. 2017).
Here we study the maintenance and dissipation of tur-
bulence in MCs in the context of star formation theories.
c© 2019 The Authors
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Despite its importance and inevitability for star formation,
the origin and evolution of the interstellar medium from the
warm atomic phase to the cold, dense molecular clouds is
still poorly understood. There are a number of proposed
models that act as a source of driving of the turbulence,
which include protostellar outflows (Li & Nakamura 2006;
Wang et al. 2010; Federrath et al. 2014), feedback from mas-
sive stars such as expanding H II regions (Matzner 2002;
Krumholz et al. 2006; Goldbaum et al. 2011), energy injec-
tion from ongoing accretion (Klessen & Hennebelle 2010;
Va´zquez-Semadeni et al. 2010; Lee & Hennebelle 2016),
gravitational contraction on small scales (Federrath et al.
2011; Sur et al. 2012) or supernova feedback (Padoan et al.
2016a,b; Pan et al. 2016; Ko¨rtgen et al. 2016). However,
each proposal has some incompleteness (see Birnboim et al.
2018, for details and references therein). On the other hand,
the global gravitational contraction of molecular clouds has
gained some attention recently in the list of driving agents
of the turbulence, as the gravitational compression has the
ability to pump energy into the turbulence to slow down
the collapse (Ko¨rtgen et al. 2017). This phenomenon has
been studied for non-magnetized turbulence by Robertson
& Goldreich (2012), where they considered the equation of
state to be isothermal and the compression can inject en-
ergy in a way that they have described as adiabatic heating.
Birnboim et al. (2018) studied the same phenomenon, but
for isothermal magnetohydrodynamic (MHD) turbulence. In
this model, when the gas gets compressed, the velocity in-
creases due to P − V work (there P and V are the pres-
sure and volume of the cloud) against the kinetic pressure
(pressure that is generated by the kinetic motions of the
particle hitting and rebounding from the surface). Due to
compression, the eddy turnover timescale (τ ∼ L/v) de-
creases, and as a result, the dissipation rate increases. Thus,
depending on the balance between compression timescale
(here parameterised by a negative ‘Hubble’ parameter, H =
a˙/a, where a is the time-independent scale factor; see de-
tails in the method section) and the dissipation timescale
(τ = 1/ω = aL/(2v), where ω, L and v are the turnover
frequency, cloud size, and velocity dispersion, respectively),
the turbulence can get amplified or dissipates away.
However, Robertson & Goldreich (2012) and Birnboim
et al. (2018) did not include the effects of radiative heating
and cooling, which are crucial for the transition from the
atomic to the molecular phase of interstellar clouds. Gas
inside the MCs usually radiates its internal energy (radia-
tive cooling) or absorbs energy from the incident radiation
(radiative heating) through different complex mechanisms,
and the cooling or heating rate depends on various physi-
cal parameters that have been studied extensively (Cox &
Tucker 1969; Raymond et al. 1976; Shull & van Steenberg
1982; Sutherland & Dopita 1993). When the magnetized gas
is subjected to rapid radiative cooling, the result is a highly
supersonic flow (as the turbulent sonic Mach number is pro-
portional to the inverse of temperature). Thus the effect of
cooling has the potential to alter the dynamics of the cloud
(Koyama & Inutsuka 2002; Va´zquez-Semadeni et al. 2007).
Moreover, a model for molecular cloud evolution is not com-
plete, if it only predicts the source of the driving of turbu-
lence, but not the formation of the cloud itself. A successful
model would also reproduce the physical properties of the
clouds that have been measured through different observa-
tional techniques (see Heyer & Dame (2015) for a detailed
overview and reference therein).
From various theoretical models and observational sur-
veys, it has been established that MCs are highly supersonic
and magnetized with Mach number (M) ∼ 5− 20, temper-
ature (T ) ∼ 10 − 50 K, density range, n ∼ 102 − 105 cm−3
(Wilson et al. 1997; Hughes et al. 2010). Larson (1981) first
pointed out that there is a strong correlation between the
velocity dispersion (σv) and the size of the cloud (L), and
established a scaling relation (L−σv scaling relation) in the
form of a power law, σv ∝ `0.5 (` is the cloud size in the unit
of pc), that has been verified observationally (Crutcher 1999;
Solomon et al. 1987; Ossenkopf & Mac Low 2002; Heyer &
Brunt 2004; Roman-Duval et al. 2011) . In addition, the
magnetic field strength (B) also shows a correlation with
the number density of the cloud in the high-density regime,
n & 103 cm−3 (Crutcher 2012).
In this work, we aim to extend the works by Robertson
& Goldreich (2012) and Birnboim et al. (2018) to find con-
traction rates that produce realistic cloud properties and
scaling relations by including adiabatic EoS and radiative
heating and cooling. We also seek to determine whether the
effect of cooling can change the dynamics and structure of
the MCs. To this end, we run three-dimensional (3D) hydro-
dynamic (HD) and MHD simulations including equilibrium
heating and cooling. We consider different compression rates
with respect to the eddy turnover rate to figure out the de-
pendence of physical properties of the molecular clouds on
the global compression rate, and to determine which con-
traction model is most favorable in the context of molecu-
lar cloud formation and evolution by comparing the results
from simulations with theoretical models and observational
predictions. We organize the paper in the following way. In
§2 we discuss the detailed methodology of our simulations,
the physics of equilibrium cooling and its implementation.
In § 3, we report the results from simulations. In § 4 we
briefly describe the limitations of our study, and in § 5 we
summarize our conclusions.
2 SIMULATION METHODS
2.1 The FLASH code
We use the modified version of the grid-based code FLASH
(Fryxell et al. 2000) to solve the three-dimensional (3D),
compressible, ideal MHD equations,
∂
∂t
ρ+∇ · (ρv) = 0, (1)
∂
∂t
(ρv) +∇ · (ρv ⊗ v − 1
4pi
B ⊗B)+∇Ptot = 0, (2)
∂
∂t
e+∇ ·
[
(e+ Ptot)v − 1
4pi
(B · v)B
]
=
1
ρ
[ ρ
µmH
Γ−
( ρ
µmH
)2
Λ(T )
]
,
(3)
∂
∂t
B −∇× (v ×B) = 0, ∇ ·B = 0. (4)
Here, ρ, v, Ptot = Pth + (1/8pi)|B|2, B, µ and e = ρint +
(1/2)ρ|v|2+(1/8pi)|B|2 denote the gas density, velocity, total
pressure (including thermal and magnetic), magnetic field,
mean molecular weight of the particles and total energy den-
sity (internal, kinetic and magnetic). For simplicity, we as-
sume µ = 1 throughout this study, which does not affect
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the main conclusions of this study (see Sec. 4). The MHD
equations are closed by the ideal gas equation of state,
Pth = (γ − 1)ρint, (5)
where we assume γ = 5/3 throughout. The energy equation
also includes the heating (Γ) and cooling (Λ) terms, which
we discuss in Sec. 2.3. To solve the system of MHD equations
(1-4), we use the robust HLL3R Riemann scheme by Waa-
gan et al. (2011), based on previous developments in applied
mathematics, to maintain positive density and pressure.
2.2 MHD equations in a contracting reference
frame
Although the default hydrodynamic scheme in FLASH is
written for a static frame of reference, one can use the cos-
mology module in FLASH to solve the MHD equations in
an expanding or contracting frame of reference. In order to
do this, we change the MHD equations from the physical co-
ordinate system to the co-moving coordinate system, where
additional terms appear due to contraction or expansion.
All calculations are assumed to take place in co-moving co-
ordinates x = r/a, where r is the physical position vec-
tor and x is the co-moving position vector. a(t) is the di-
mensionless scale factor, which depends on time. The trans-
formation of time and space derivatives in co-moving coor-
dinates is related to the proper coordinates by (∂/∂t)x =
(∂/∂t)r +Hr ·∇r and ∇x = a∇r, where the Hubble con-
stant (H) is defined as H = a˙/a. The physical velocity is
v˜ = Hr + ax˙, where the first term is the Hubble flow and
the second term is called peculiar velocity, i.e. the velocity
in the co-moving frame of reference.
The hydrodynamic quantities in the physical (with
tilde) and co-moving (without tilde) coordinate system are
related by the following equations,
ρ = a3ρ˜, (6)
Ptot = aP˜tot, (7)
e = ae˜, (8)
int = a
−2˜int, (9)
B = a1/2B˜, (10)
The MHD equations in co-moving coordinates can be deter-
mined using a definition of a time and space derivative along
with prior hydrodynamic quantities, which read,
∂
∂t
ρ+∇ · (ρv) = 0, (11)
∂
∂t
(ρv) +∇ · (ρv ⊗ v − 1
4pi
B ⊗B)+∇Ptot = −2Hρv,
(12)
∂
∂t
e+∇ ·
[
(e+ Ptot)v − 1
4pi
(B · v)B
]
=
−H[(3γ−1)ρint+2ρv·v]+1
ρ
[ ρ
µmH
Γ−a−3
( ρ
µmH
)2
Λ(T )
]
,
(13)
∂
∂t
B −∇× (v ×B) = −3
2
HB, ∇ ·B = 0, (14)
where ∂/∂t ≡ (∂/∂t)x and ∇ ≡ ∇x are the derivatives in
the co-moving frame. We use operator splitting to account
for the Hubble source terms, where the co-moving hydrody-
namic variables are modified in each time step to account
for the expansion/contraction (Birnboim et al. 2018).
2.3 Radiative heating and cooling
The previous studies by Robertson & Goldreich (2012) and
Birnboim et al. (2018) used an isothermal equation of state.
However, in the real ISM, gas can absorb or emit radiation
depending on the quantum state and composition of the gas.
There are various mechanisms that can heat or cool: pho-
toelectric heating from small grains and polycyclic aromatic
hydrocarbons, heating and ionization from cosmic rays and
X-rays, H2 formation and destruction, atomic line cooling
from hydrogen, etc. (Sutherland & Dopita 1993). As a re-
sult, the temperature of the cloud varies, depending on the
balance between these various heating and cooling processes.
The heating or cooling rate depends on the temperature of
the gas cloud, which again depends on the density (ρ). As
for static turbulence, the mean density remains constant, the
temperature does not vary that much, which means the cool-
ing rate is almost constant throughout the evolution. But,
for compressing turbulence, the mean gas density increases
with time, and hence, temperature varies a lot. As a result,
the heating or cooling rate varies, which has a profound ef-
fect on the evolution of the turbulence.
Here we use tabulated values for Γ and Λ developed
by Koyama & Inutsuka (2002) and Va´zquez-Semadeni et al.
(2007), based on a constant heating rate,
Γ = 2× 10−26 erg s−1, (15)
and a cooling rate based on the following equation,
Λ(T )
Γ
= 107exp
(−1.184× 105
T + 1000
)
+ 1.4× 10−2
√
T exp
(−92
T
)
cm3, (16)
where the temperature T is in units of Kelvin. These func-
tions are the fits to heating (Γ) and cooling (Λ) due to var-
ious processes mentioned above. The thermal equilibrium
condition is given by,
nΓ = n2Λ, (17)
where n = ρ/mH is the number density with µ = 1 for this
study.
In hydrodynamic simulations, we generally apply cool-
ing by considering the cooling rate in the Courant condition
to limit the simulation time step. The densities gradually
increase in this problem of gas compression, which means a
very small time step can occur as the cooling rate increases.
To avoid this problem, we treat cooling as a source term in
operator splitting, and following each hydrodynamic step,
the internal energy is adjusted. Consider Teq and eeq are the
equilibrium temperature and internal energy, and the time
required to radiate or absorb excess thermal energy is
τΛ =
∣∣∣∣ e− eeqn2Λ− nΓ
∣∣∣∣ (18)
Let  be the excess energy. The rate of change of energy
MNRAS 000, 1–14 (2019)
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Table 1. List of different simulation parameters at the beginning of the contraction
Model H (s−1) τ = 1/ω (s) ω/H B (µG) σv (km/s) M T (K) N3res
HD-Slow −3.241× 10−16 3.08× 1014 -0.1 0 11.57 1.85 4.67× 104 (512)3
HD-Medium −3.241× 10−15 3.08× 1014 -1.0 0 11.57 1.85 4.76× 104 (512)3
HD-Fast −3.241× 10−14 3.08× 1014 -10.0 0 11.52 1.84 4.78× 104 (512)3
MHD-Slow −3.241× 10−16 3.08× 1014 -0.1 1.82 11.12 1.75 4.97× 104 (512)3
MHD-Medium −3.241× 10−15 3.08× 1014 -1.0 1.82 11.12 1.75 4.97× 104 (512)3
MHD-Fast −3.241× 10−14 3.08× 1014 -10.0 1.75 11.22 1.75 4.87× 104 (512)3
with time is directly proportional to the instantaneous en-
ergy (Newton’s cooling law). Thus we have,
d
dt
= − 
τch
(19)
Here τch is the characteristic cooling time-scale. Now, if the
excess energy after time t is 1, then,
1 =  exp(−t/τch) (20)
In this case the initial excess internal energy is ∆e = e−eeq.
So, after a time step dt the excess internal energy will be
∆e′ = (e − eeq) exp(−dt/τΛ). Then we compute the new
internal energy e′, after a time step dt, as
e′ = eeq + (e− eeq) exp
(−dt
τΛ
)
. (21)
From this equation, we see that if the gas is undergoing rapid
cooling (or heating), τΛ  dt and exp(−dt/τΛ) → 0, such
that the gas reaches thermal equilibrium very quickly. On
the other hand, if the cooling (or heating) rate is very slow,
then τΛ  dt and Eq. (21) reduces to
e′ = eeq − dt (n2Λ− nΓ). (22)
2.4 Initial driving of turbulence to generate initial
conditions
As we are experimenting with MHD turbulence statistics
in a contracting reference frame, we need a fully-developed
turbulent field as the initial conditions of the contraction
phase. To do that we first drive the turbulence for five eddy
turnover times, τ = 1/ω = L/(2σv), on a static background
(a = 1). Here we consider a box size of L = 200 pc, i.e.,
covering a large portion of the warm neutral ISM with a
uniform density of 1 cm−3. We drive turbulence to reach
a velocity dispersion σv = 10 km/s, typical of the velocity
dispersion of the Milky Way on large scales (of order the
disc scale height).
The turbulence is driven by applying ρF as a source
term in the momentum equation (2). In developing the tur-
bulence acceleration field F , we use the stochastic Ornstein-
Uhlenbeck (OU) method (Eswaran & Pope 1988; Schmidt
et al. 2009; Price & Federrath 2010). Federrath et al. (2010)
developed the code, which is accessible in the public version
of FLASH. Turbulent stirring from larger scales is correlated
on timescales related to the lifetime of an eddy on the scale
of the simulation domain. The OU process is a well-defined
stochastic process with finite auto-correlation timescale. In
our periodic simulation box of side length L, it produces
a smoothly varying spatial and temporal driving pattern
on the largest scales (L/2). The driving process is carried
out in Fourier space, and the acceleration field F is set to
inject most of the energy into the lowest wave numbers,
1 < |k|L/2pi < 3. The spectral shape of the driving field
we choose is paraboloid, i.e ,the peak energy injection is on
scale L/2, and falls off as a parabola for smaller and higher
wave number, so that the energy injection at k = 2pi/L and
k = 6pi/L is identically zero (Federrath et al. 2010; Feder-
rath 2013a, 2016; Birnboim et al. 2018).
Depending on the physical interests, we can build the
driving field either purely solenoidal (∇ · F = 0) or com-
pressive (∇ × F = 0) or a blended field with fractional
solenoidal and compressive modes. For separating the driv-
ing field into the solenoidal and compressive components,
we use the Helmholtz decomposition in Fourier space. For
simplicity, we here use only solenoidal driving to develop
the turbulence fully before starting the contraction phase
(a < 1).
2.5 Construction of initial turbulent magnetic
field
The interstellar medium is magnetized. Thus, in order to
simulate MHD turbulence, we have to set the initial mag-
netic field. In our study, we chose the magnetic field struc-
ture completely random, that is to say, the magnetic field
is fully turbulent. In order to construct a fully turbulent
magnetic field we use a method that has been considered
in the studies of Gerrard et al. (2019) and Birnboim et al.
(2018). In this technique, we generate the initial conditions
so that all field vectors are randomly oriented, instead of
driving the turbulence in the field. We use a Kazantsev
power spectrum with an exponent 3/2 to decompose the tur-
bulent field in Fourier space (Brandenburg & Subramanian
2005; Federrath 2016). We restrict the wave vectors in the
range 2 < |k|/2pi < 20. The Kazantsev spectrum comes from
turbulent dynamo amplification (Kazantsev 1968; Federrath
et al. 2011) as field amplification works on the small-scale
seeds of the magnetic field (Brandenburg & Subramanian
2005; Schober et al. 2012; Schleicher et al. 2013).
The typical values of the large-scale magnetic field in
interstellar clouds in the spiral arms of the Milky Way and
also in nearby galaxies are about 3 − 10µG (Beck 2015;
Han 2017). Therefore, for our MHD simulations we initially
set B = 3µG, and after t = 5 τ it has slightly relaxed to
B = 1.8µG. Thus, the initial magnetic field is slightly weaker
than the observed field, but the MHD simulations neverthe-
less provide us with at least a reasonable qualitative mea-
surement of MHD effects during cloud contraction.
2.6 Initial conditions, contraction parameters,
and list of simulations
All the simulations started from a uniform density ρ0 =
1.67× 10−24 g-cm−3 and zero velocities. The simulation box
MNRAS 000, 1–14 (2019)
Compression of magnetized gas subjected to radiative cooling 5
Figure 1. Initial driving phase to establish fully-developed turbu-
lence. We take the state at after five eddy turnover times (t = 5 τ)
to serve as the initial condition for the contraction phase. The red
line corresponds to the purely hydrodynamic case (HD) and the
blue line is for the MHD case.
size is initially L = 200 pc. Then the turbulence was driven
to five eddy turnover times on a static background to es-
tablish fully developed turbulence. After that, the driving
module has been disabled and the cosmology module has
been activated and the evolution followed based on the cos-
mological factor a(t). The scale factor a(t) of the compres-
sion is solely determined by the Hubble parameter (H):
a(t) = exp[H(t − t0)], where t > t0 (t0 is the contraction
start time). In this phase a(t) < 1 (Hubble parameter H is
negative) as the box started contracting, and the dynamics
are determined by the contraction.
Finally, to demonstrate the dependence of the dynamics
of turbulent gas on contraction rate, we chose three values of
Hubble parameters (H): 1. slow compression (the contrac-
tion time scale is 10 times longer than the eddy turnover
time, ω/H = −0.1), 2. medium compression (contraction
time scale is equal to eddy turnover time, ω/H = −1),
and 3. fast compression (contraction time scale is 10 times
shorter than eddy turnover time, ω/H = −10). Table 1 pro-
vides the list of all simulations and initial conditions that
have been used for the contraction phase. Fig. 1 shows the
evolution of important integrated quantities during the driv-
ing phase.
Previously, Robertson & Goldreich (2012) and Birn-
boim et al. (2018) have discussed cases with different con-
traction rate for pure HD and MHD simulations for isother-
mal turbulence. Here we are mainly focused on the effect of
radiative cooling on contracting background with different
contraction rates for pure HD and MHD turbulence in the
ISM.
3 RESULTS AND DISCUSSIONS
3.1 Evolution of integrated quantities
In this section we present the main results obtained from
our numerical simulations of contracting interstellar clouds
that were initialized with the final state shown in Fig. 1.
The evolution of important integrated quantities during the
contraction phase is shown in Fig. 2 as a function of scale
factor (a). The domain size L(a) = aL(a = 1), such that
the cloud has contracted from 200 pc at a = 1 down to 2 pc
at a = 0.01. All the quantities are plotted with decreasing
a (on the bottom x-axis) and increasing mean density (on
the top x-axis). As the scale factor (a) is exponential in time
a(t) = exp[H(t− t0)] and the a-axis is in logarithmic scale,
it shows the evolution proportional to time. The quantities
shown were integrated over the whole volume of the simula-
tion domain. We divide our simulation results in three parts.
The first column in Fig. 2 presents the results for slow com-
pression (ω/H = −0.1). The second and third column corre-
spond to medium (ω/H = −1) and fast (ω/H = −10) com-
pression, respectively. For each case we consider two types
of simulations: 1. a purely hydrodynamic simulation (HD),
and 2. a magneto-hydrodynamic simulation without guide
field (MHD).
3.1.1 Evolution of temperature
The first row of Fig. 2 shows the temperature evolution. The
initial temperature for all the simulations is approximately
the same (∼ 5000 K, the equilibrium temperature of gas with
mean density ∼ 1 cm−3). As the compression starts the tem-
perature drops. The behavior of the temperature evolution
is similar for each model, because it is primarily determined
by the evolution of the mean density, which controls the
cooling rate. However, the initial slope of the temperature
curve is different for different models. For fast compression
the number density grows faster, causing a higher cooling
rate and a faster drop in temperature until the density has
reached ∼ 10−23 g − cm−3. Another point to notice is that
the presence of a magnetic field does not change the behav-
ior much, as the HD and MHD simulations for each model
follow almost the same temperature evolution. This is ex-
pected as 1) the field is weak and does not affect much the
density, 2) We do not use a proper heating/cooling via a
chemical network, where the species abundances might be
affected by the magnetic field. Initially, when the temper-
ature is about ∼ 5000 K, the cloud is mostly in the warm
atomic phase. As the thermal energy of the particles drops
MNRAS 000, 1–14 (2019)
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Figure 2. Integrated quantities as a function of scale factor a (bottom axis) and mean density (bottom axis). The different column show
(from the left to right) slow(ω/H = −0.1), medium (ω/H = −1) and fast (ω/H = −10)) compression. The red lines show the purely
hydrodynamic case, and blue lines are for the magneto-hydrodynamic case. In the velocity dispersion panel (second row) we have plotted
the linewidth-Size scaling relation (Eq. 23). Please note the different range of sonic Mach numbers (third row) for the three compression
rates.
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below (due to cooling) the binding energy (T ∼ 150 K) of H2
molecules, the atomic hydrogen undergoes a phase transition
to form molecular hydrogen (H2). From Fig. 2 we find this
occurs at a ∼ 0.2 for slow compression, a ∼ 0.3 for medium
compression and a ∼ 0.5 for fast compression. Beyond this
epoch, the fraction of molecular H2 increases gradually and
the gas becomes almost fully molecular. When the density
n ∼ 103–106 cm−3, the temperature drops to ∼ 50–10 K and
gets saturated around ∼ 10 K beyond that. Observations
in the Milky Way and extragalactic environments, such as
the SMC and LMC, indicate a similar overall temperature
dependence on density (Wilson et al. 1997; Bernard et al.
2008; Gratier et al. 2010; Hughes et al. 2010; Heyer & Dame
2015; Jameson et al. 2019). However, there are details in the
temperature evolution that clearly depend on the ratio of
turbulent turnover rate and contraction rate, which are too
subtle to distinguish in observations, based on the temper-
ature evolution alone. Thus, we now turn to more statistics
involving the velocity and magnetic field.
3.1.2 Evolution of velocity dispersion (σv)
An important distinction between different models is pro-
vided by the variation of velocity dispersion (σv). The sec-
ond row of Fig. 2 presents the σv evolution with scale fac-
tor. Starting from the fully-developed turbulence of σv ∼
10 km/s, all the simulations start compression, which –
depending on the contraction rate– can drive or maintain
turbulence to some level. For slow compression (ω/H =
−0.1), the compression timescale is longer than the eddy
turnover timescale. As a result, the dissipation rate domi-
nates over the compression rate and the compression cannot
inject energy with enough power to drive the turbulence.
Thus, σv declines more steeply with a than in the other
cases. For fast compression (ω/H = −10), σv initially in-
creases and after reaching a peak value it decays with time.
This behaviour of increasing to decaying turbulence can
be explained by the change of dissipation rate with a. As
the dissipation timescale is proportional to the largest eddy
turnover time (ω ∼ v/2aL) (Mac Low 1999; Robertson &
Goldreich 2012; Birnboim et al. 2018) and a decreases with
time, the dissipation timescale decreases. After some point
(a ∼ 0.2) when ω/H becomes less than −1, the turbulence
dissipation dominates.
For medium compression, the compression and dissipa-
tion rates are comparable and they remain so for a longer
period of time, i.e., the contraction drives just enough tur-
bulence to maintain a nearly constant decline of velocity
dispersion with scale, very close to the observed scale de-
pendence of σv. We discuss the scaling relation in details in
Sec. 3.2.
3.1.3 Evolution of Mach number (M)
The third row of Fig. 2 show the evolution of mass-weighted
Mach number (M = σv/cs) for different simulations. In the
cold, dense molecular regime, there is no profound differ-
ence between the volume-weighted and mass-weighted Mach
number. Here, we chose the mass-weighted Mach number,
because it better represents the kinematics in the cold, dense
phase, which is where the Mach number may be an im-
portant physical quantity to determine the star formation
potential of clouds (Federrath & Klessen 2012; Federrath
2013b; Salim et al. 2015; Sharda et al. 2018, 2019; Beattie
et al. 2019a,b). The sound speed (cs) directly depends on
the temperature of the cloud (c2s = γkBT/µmH, where γ
and µ are the adiabatic index and mean molecular weight of
the gas particles, respectively). Initially, for all models, the
turbulence is supersonic. Since contraction forces the tem-
perature to drop, the sound speed (cs) decreases with a,
and M increases, which is a direct consequence of the joint
evolution of temperature and velocity. For the medium and
fast compression rate, the HD simulations show the same
behavior, i.eM grows to a peak value and then decays. For
slow compression, M decreases initially, and then grows to
a peak value, followed by decay. This behavior is due to the
different rates of change of temperature and velocity disper-
sion. The interesting point is to notice the behavior ofM in
the molecular cloud regime for different compression rates.
The typical values ofM in real molecular clouds are known
to be supersonic with M ∼ 5 − 20 (Crutcher 1999; Schle-
icher et al. 2013). From Fig. 2 we see that the Mach number
in the molecular regime for slow compression is subsonic,
which is too small. On the other hand, for fast compression,
the Mach numbers exceed 30 in the MHD case, which is un-
usual for Milky Way conditions 1. Only the simulation with
medium compression rate produces realistic Mach numbers
of order 5−10 in the molecular regime and a dependence on
scale consistent with the observed velocity dispersion – size
relation.
3.1.4 Magnetic field and plasma-β
The fourth row of Fig. 2 shows the magnetic field evolu-
tion for the three MHD simulations with different compres-
sion rates. For all the simulations, the mean magnetic field
(|B|) starts from |B| ≈ 2µG after the initial driving phase
(c.f., Fig. 1) and starts growing due to the compression of
field lines. Observations with different techniques like Zee-
man splitting in HI, OH, CN absorption lines (Crutcher et al.
1993; Crutcher 1999; Falgarone et al. 2008), and maser emis-
sion from dense molecular cloud cores (Vlemmings & van
Langevelde 2007; Watson 2009) have shown the existence
of magnetic fields in interstellar clouds. All of these stud-
ies show that for low density clouds (n . 103 cm−3), there
is nearly no correlation between the magnetic field strength
(B) and the density (ρ). However for dense molecular clouds
(n & 103–107 cm−3), the magnetic field increases with the
density of the cloud (Crutcher 2012). This is usually stated
in form of a power law, |B| ∝ ρκ. If the cloud undergoes
1 For MHD turbulence, the presence of a magnetic field can
change the situation considerably. In Fig. 2, we see that the σv as
well asM stop decreasing and increases again after a sufficiently
long period for MHD simulation in the case of fast compression.
Birnboim et al. (2018) have shown that the value of a where the
transition from decaying to increasing turbulence happens de-
pends on the presence of the guide field, and the saturation level
of turbulent dynamo for isothermal compressive turbulence. The
presence of a strong magnetic field changes the flow pattern to
nearly dissipationless. An interesting point to note that although
Birnboim et al. (2018) pointed out it for isothermal turbulence,
the behavior does not change for the case of turbulence subjected
to radiative cooling.
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homologous compression, then magnetic flux (Φ = piR2|B|)
conservation implies |B| ∝ R−2, while mass conservation
gives R ∝ ρ1/3; therefore |B| ∝ ρ2/3. On the other hand, if
the magnetic field is strong, the structure of the cloud will be
changed by the magnetic field. Fiedler & Mouschovias (1993)
numerically showed that for ambipolar diffusion driven con-
traction κ ≈ 0.47, which has also been seen observationally
(Crutcher 1999). However, Basu (2000) showed that a better
correlation was obtained by fitting B ∝ σv√ρ.
The fifth row of Fig. 2 presents the dependence of
plasma-β with a. We see that for the MHD, medium-
contraction model, the value of β (the plasma β is defined
as the ratio between thermal pressure and magnetic pres-
sure) is about 0.1 in the molecular regime (for real molecu-
lar clouds the value of β typically lies between 0.1–0.3; see
Crutcher 2012; Federrath et al. 2016; Krumholz & Federrath
2019), which implies a significant effect of the magnetic field
(β < 1) (Planck Collaboration et al. 2016). Thus, we expect
the value of κ for our numerical experiment is 0.47 rather
than 2/3. We explore more about B−n scaling relation and
dependence on β in Sec. 3.2.
3.2 Scaling relations
From various surveys mentioned in Sec. 3.1.1 it is empirically
established that the velocity dispersion (σv) in molecular
clouds is correlated with the size of the cloud ` (Larson 1981;
Solomon et al. 1987; Ossenkopf & Mac Low 2002; Heyer &
Brunt 2004; Roman-Duval et al. 2011). Early observations
predict that σv is related with ` in a power law fashion σv ∝
`ξ. Larson (1981) first calculated the value of ξ to be 0.38
(Larson relation). However, from various surveys, the most
accepted linwidth-Size scaling relation in recent days is given
by,
σv ∝ `0.5, (23)
where ` is the size of the cloud in the unit of pc and the unit
of σv is km/s. This correlation also is reproduced by various
numerical studies (Kritsuk et al. 2007; Schmidt et al. 2009;
Federrath et al. 2010; Federrath 2013a). In Fig. 2 we added
the scaling relation (equation 23) on top of the σv − a lines.
Only the simulation with medium compression provides a
good match to the observed relation. Fig. 3 shows the scal-
ing relation calculated from the medium compression models
along with the (Larson 1981) relation (exponent ξ = 0.38),
Eq. 23 and the B08 relation (Bolatto et al. 2008), which has
an exponent ξ = 0.5. Result shows that the ` − σv relation
from the medium compression model is consistent with the
observational predictions. Moreover, Eq. 23 fit very well to
the MHD model in the molecular regime.
In Fig. 4, we have plotted the dependence of B with
number density (n). We adopt the relation in the form of
|B| = B0 (n/n0)κ and |B| = B0(σv/σv,0)(n/n0)0.5, where
κ = 2/3 and 0.47 for two different fitting forms. Here
n0 = 10
3 cm−3, and B0 and σv,0 are the magnetic field and
velocity dispersion when the mean number density n0
2. We
2 As pointed out earlier, the density-magnetic field correlation is
valid in the high density regime n & 103 cm−3, we choose the
starting point of the plots at n = 103 cm−3 and calculate the
value of B when n = 103 cm−3 to find the constant B0
Figure 3. ` − σv scaling relation for the simulations with a
medium-compression rate (ω/H = −1). The red and blue solid
lines correspond to HD and MHD simulations, respectively. The
dashed lines are various observational scaling relations. The black
dashed line is the σv ∝ `0.38 Larson (1981) relation. The green
and magenta dashed lines are σv ∝ `0.5 (Solomon et al. 1987)
and σv ∝ `0.5 (Bolatto et al. 2008) linewidth-Size scaling rela-
tions, respectively.
show the various scaling relations discussed in Sec. 3.1.4.
Since all of these scaling relations are valid only in the high-
density regime (n ∼ 103–106 cm−3), we expect our simula-
tion results to be consistent with these relations only in the
higher-density regime. Fig. 4 shows good agreement of the
MHD medium-compression model with the theoretical and
observational estimates of the B−n relation. As pointed out
in Sec. 3.1.4, β < 1 implies a significant magnetic influence
on the evolution of the cloud, thus κ value will be close to
0.47. The simulation result approximately follows the n0.47
curve. It also fits well to the σv
√
n curve in the molecular
regime. All of the above results suggest that the ω/H = −1
contraction model produces reasonable cloud parameters as
a natural outcome of molecular cloud formation by compres-
sion out of the warm atomic phase.
3.3 Morphological features
Fig. 5 displays a spatial representation of density (top
panel), temperature (middle panel) and Mach number (bot-
tom panel) at a = 1.0 (left), a = 0.1 (middle) and a = 0.01
(right) for the MHD-Medium model. We have plotted the
local magnetic field lines projected onto the x–y plane on
top of the density projections, and local velocity field vec-
tors in the Mach number projections. In the density projec-
tions, we see that initially (a = 1), the large-scale turbulence
driving sets the density contrasts ranging over one order of
magnitude and the local magnetic fields are quite random.
However, at a later times (a = 0.1 and 0.01), when the
strength of the magnetic fields increase, the density contrasts
decrease (ranging over a factor of 3). This is because mag-
netic fields reduce the density contrasts, due to additional
magnetic pressure parameterized by the plasma-β (Molina
et al. 2012; Federrath & Klessen 2012). The magnetic field
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Figure 4. Relation between the magnetic field (B) and the den-
sity (n) for the medium-compression simulations (ω/H = −1).
The solid blue line corresponds to MHD simulation. The black
dashed line presents the scaling relation |B| ∝ n2/3, resulting
from homologous collapse of a cloud where the magnetic field is
dynamically weak. The green dashed line represents the scaling
relation |B| ∝ n0.47, established by an ambipolar diffusion driven
contraction model (Fiedler & Mouschovias 1993). Finally, the red
dashed line shows the scaling relation B ∝ σv√ρ (Basu 2000)
directions at this epoch are more regular, which is consistent
with the strong-field predictions, i.e., for a strong field, the
field lines should be smoother (Crutcher 2012). The tem-
perature (second row in Fig. 5) also shows similar behavior.
Initially (a = 1), the temperature fluctuations cover almost
four orders of magnitude, while at a = 0.01, the temperature
fluctuations are very small and gas is nearly isothermal at
T ∼ 5–10 K.
One interesting point to notice is the correlation be-
tween density and temperatures. In Fig. 5, we see that the
correlations are very prominent. Higher densities have lower
temperature as expected due to cooling. The correlations be-
tween density and Mach number are quite weak. However,
Fig. 5 shows that high-density regions exhibit a lower Mach
number on average, as a result of the velocity dispersion –
size relation discussed above.
3.4 Density dispersion – Mach number relation
In supersonic, isothermal turbulence, the density fluc-
tuations approximately follow a log-normal distribution
(Vazquez-Semadeni 1994), assuming that the local den-
sity fluctuations and velocities are uncorrelated (Passot &
Va´zquez-Semadeni 1998; Federrath et al. 2010; Federrath
& Banerjee 2015; Kritsuk et al. 2017). However, if the gas
is not isothermal, we do not expect a log-normal distribu-
tion for density fluctuations as the local density and Mach
number are correlated (Passot & Va´zquez-Semadeni 1998;
Gazol & Kim 2013; Ko¨rtgen et al. 2019). Various theoret-
ical and numerical studies (Padoan et al. 1997; Passot &
Va´zquez-Semadeni 1998; Kowal et al. 2007; Federrath et al.
2008) have established that the density-dispersion and Mach
number follows the relation,
σ2s = ln(1 + b
2M2), (24)
where σs is the variance of log density, s = ln(ρ/〈ρ〉). Feder-
rath et al. (2008, 2010) pointed out that the parameter b is a
function of how the turbulence is driven and found b ≈ 1/3
for purely solenoidal driving and b ≈ 1 for purely compres-
sive driving. For magnetized turbulence the σs–M relation is
modified by magnetic pressure and was analytically derived
by Padoan & Nordlund (2011) and Molina et al. (2012). For
B ∝ ρ1/2 they find,
σ2s = ln
(
1 + b2M2 β
β + 1
)
, (25)
where β is the plasma-β of the magnetized flow. Equa-
tion (25) is a more general form, as we can see in the limit
of β →∞ (hydrodynamic limit), Equation (25) and (24) are
identical.
In Fig. 6 we show σs as a function of a along with the
predicted relations from the theoretical models introduced
above in Equations (24) and (25). The top panel represents
the evolution for the HD-Medium simulation and the bot-
tom panel shows the same for the MHD-Medium simulation.
Since in the driving phase (before contraction), the turbu-
lence is driven by a solenoidal forcing field (b ∼ 1/3), and
contraction acts as a compressive (b ∼ 1) forcing field, the
resultant forcing field is a mixture of solenoidal and com-
pressive components (1/3 < b < 1) (Federrath et al. 2010,
Fig. 8). For our case, we find that b ≈ 0.5 gives the best fit,
as with increasing time, the compressive component starts
to dominate. In the top panel of Fig. 6, we see that for HD-
Medium, σs follows the theoretical curve given by Eq. (24)
very closely. The fact that the compressive component in-
creases with decreasing a is reflected in that σs in the HD-
Medium simulation starts off slightly below the theoreti-
cal relation for a & 0.1 and ends up slightly above it (for
a . 0.1) because b increases slowly with decreasing a.
In the bottom panel of Fig. 6, we show the evolution
of σs for the MHD-Medium simulation. The black line rep-
resents again the prediction from the theoretical model in
the HD limit (Eq. 24), while the green line is for MHD with
the β-parameter included (Eq. 25). The σs line from the
MHD simulation falls between the HD and MHD models
for σs. The reason for the discrepancy between the sim-
ulation data and the theoretical model based on MHD is
two-fold. First, the driving parameter is not constant, but
increases with time as discussed for the HD model above.
Second, the Alfve´n Mach numberMA =
√
β/2M drops be-
low 2 in our MHD simulation, which means that the mag-
netic field becomes so strong that it can induce compression,
resulting in an effective driving parameter b ∼ 1 (Molina
et al. 2012). This explains that the theoretical MHD model
slightly under-predicts σs, while the theoretical HD model
slightly over-predicts σs when a constant b = 0.5 is assumed.
4 LIMITATIONS
In this section, we discuss some of the main limitations of
our work. As a result of the simplicity of hydrodynamic sim-
ulations, comparisons with observational results are limited
MNRAS 000, 1–14 (2019)
10 Ankush Mandal, Christoph Federrath, Bastian Ko¨rtgen
Figure 5. The first row shows the projected density in the x–y plane for the MHD-Medium simulation. The second and third-row
represent the line-of-sight, density-weighted mean temperature and Mach number, respectively. The first, second and third column
correspond to a = 1.0, 0.1, and 0.01. The streamlines in the density projections represent the projected magnetic field in the x–y plane.
The velocity field is shown as arrows in the Mach number projections (bottom panels).
and should be considered carefully. These limitations are
listed below:
• In this study, we neglect the detailed chemistry of the
gas. Throughout the study we consider a mean molecular
weight µ = 1. However, in reality, µ changes from about 1.3
in the atomic phase to about 2.3 in the molecular phase. For
simplicity, we did not model this change in µ. However, this
does not have a significant impact on our general conclusions
and would only marginally change our quantitative results.
For example, the sound speed would change by a factor ∼√
µ, which is significantly less than the differences between
our models with different contraction rates.
• The numerical resolution of our simulations is limited.
We have performed all the simulations with a resolution of
5123 grid points. However, we provide a resolution study in
Appendix B, which demonstrates reasonable convergence of
the integrated quantities shown in Fig. 2.
• In this study, we only consider constant contraction
rates (i.e., independent of time or scale factor). While this
allows for a simple and clear investigation of the effects of
different constant contraction rates, it does not allow us to
study the effects of a dynamical change in the contraction
rate, which is for example the case for gravitational con-
traction, where the contraction accelerates over time. Such
cases are considered in the previous work by Robertson &
Goldreich (2012). However, here we wanted to focus on the
effects of heating and cooling without specifying the physical
source of the contraction (for example, gravity, shock waves,
or cloud-cloud collisions) and chose a constant contraction
rate for simplicity. Follow-up work may study cases where
the contraction rate is time- and scale-dependent.
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Figure 6. Evolution of variance of log-density (σs) with scale
factor a for the medium compression model. The top panel is re-
sult from HD simulation (red line) and corresponding theoretical
prediction (24) (black line) for b = 0.5. The magenta and yellow
lines in the upper panel correspond to the theoretical predictions
if the turbulence is driven by purely solenoidal (b ∼ 1/3 and
purely compressive (b ∼ 1) driving. The bottom panel presents
the result for MHD simulation (blue line) and the green line cor-
responds to theoretical model (25) with b = 0.5. The black line in
the bottom panel is the HD limit (β → ∞) of MHD model (25)
with b = 0.5. The cyan line corresponds to the same MHD model
(25) with b = 1 (purely compressive driving).
5 SUMMARY AND CONCLUSIONS
In this paper, we study the compression of magnetized tur-
bulent gas, incorporating the effects of radiative heating
and cooling. We investigate whether compression can form
molecular clouds from the warm atomic phase, matching ob-
served properties, such as the linewidth–size relation. We use
the grid-based code FLASH for our numerical experiments.
The simulations follow the global compression of turbulent
gas at moderately initial supersonic velocities (each with a
velocity of 11.6 km/s for HD simulations and 11.1 km/s for
MHD simulations). A total of six simulations were carried
out: three different compression rates (Slow, Medium, and
Fast), each for HD (no magnetic fields) and MHD (with
magnetic fields). In the following we summarise our main
results:
• The global compression enhances the turbulent veloc-
ity of purely hydrodynamic turbulence, if the compression
timescale (1/H) is smaller than the turbulent dissipation
timescale (τ). For cases with compression timescale less than
dissipation timescale, although the turbulence does not get
enhanced, the natural turbulence dissipation gets delayed
due to the energy pumping from global compression. How-
ever, compared to HD turbulence, the situation in MHD
turbulence is slightly different. In the MHD models the mag-
netic field stores additional energy, which replenishes some
of the kinetic energy that is dissipated.
• Initially, when the temperature is high (∼ 5000 K), the
cooling rate is also high and the gas undergoes rapid radia-
tive cooling. For all the simulations, the temperature sat-
urates around 5–30 K when the density has reached n ∼
106 cm−3.
• When the contraction rate (|H|) is high, the cascade
of turbulence energy to smaller scales is limited and dissi-
pation becomes inefficient. As a result, the Mach number
(M) becomes hypersonic, too large to be compatible with
typical values in the Milky Way. On the other hand, when
ω/|H|  1, the dissipation dominates and fails to sustain
the turbulence. Only if the contraction timescale is of the
order of the turbulence dissipation timescale,M remains in
the supersonic regime (∼ 5− 10), consistent with the range
of observed Mach numbers in typical molecular clouds in the
Milky Way.
• Due to rapid radiative cooling the temperature drops.
Thus, the Mach number (M) evolution depends on the bal-
ance between turbulence dissipation rate and cooling rate. In
the molecular regime, the velocity dispersion for the MHD-
Medium simulation shows a strong correlation between ve-
locity dispersion and the size of the cloud (L–σv scaling re-
lation) and falls between the Larson relation and the B08
relation, and almost follows the S87 relation. By contrast,
the linewidth–size relations for slow and fast compression do
not fit the observed scaling relations.
• It is observationally established that in the high-density
regime (n & 103 cm−3), the magnetic field strength (B) is
correlated with the density of the cloud and proportional to
ρκ (for low magnetic field strengths, κ ≈ 2/3, and for am-
bipolar diffusion driven turbulence κ ≈ 0.47). The calculated
B–n correlation from the medium compression MHD simu-
lations falls between these two scalings, as the plasma-β, is
about 0.1, which means that the magnetic field is dynami-
cally important, also consistent with observations.
• The relation given by Eq. (24) between logarithmic den-
sity variance (σs) and Mach number (M) derived for isother-
mal turbulence is found to be consistent with the theoretical
prediction in the HD case for a forcing parameter b ≈ 0.5.
However, it slightly under-predicts σs after a < 0.1 which
means for our model of compression the value of b is slightly
higher. This can be explained by the fact that in this model,
b is not constant, but rather changes with scale factor as we
go from solenoidal driving (the initial stage of contraction)
to more compressive driving (effect of contraction). How-
ever, for MHD there is a difference between the simulation
result and the theoretical prediction (Eq. 24) when b ≈ 0.5
is assumed. This discrepancy is because the Alfv´en Mach
number (MA) drops below 2 which means the magnetic field
becomes very strong and induces extra compression with ef-
fective driving parameter b ∼ 1 (Molina et al. 2012).
In summary, using idealized simulations, we explore
that the large-scale compression of the warm, atomic, mag-
netized ISM can drive turbulence by injecting energy into
the system due to compression, if the contraction timescale
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is less than the turbulence dissipation timescale. The models
with contraction timescale similar to dissipation timescale
can produce the observed physical properties of molecular
clouds. There are several candidates for causing such com-
pression: global gravitational contraction on large scales,
compression due to stellar feedback (e.g., supernova shock
waves), or cloud-cloud collisions.
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APPENDIX A: MORPHOLOGY OF HD-FLOW
FOR MEDIUM COMPRESSION
Fig. A1 shows the flow morphology for the hydrodynamic
(HD) simulation with medium compression, similar to the
MHD simulation with medium compression shown in Fig. 5.
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Figure A1. Same as Fig. 5, but for the HD-Medium simulation.
APPENDIX B: CONVERGENCE WITH
NUMERICAL GRID RESOLUTION
In Fig. B1, we show the dependence and convergence of our
numerical results with grid resolution. Fig. B1 shows the
same integrated quantities as Fig. 2 for the MHD-Medium
compression (ω/H = −1) model, but at different numeri-
cal resolutions. We perform three different simulations with
grid resolutions of 1283 (black line), 2563 (green line) and
5123 (blue line). The first panel shows that the variations of
temperature with different resolutions are almost negligible
when the cloud becomes cold and dense. For the velocity dis-
persion (second panel of Fig. B1), we see some dependence
on numerical resolution, however, there is no clear trend for
this dependence. Thus, our end results do not systematically
depend on resolution. A similar trend can be seen for the
mass-weighted Mach number (third panel of Fig. B1). The
quantities that show the strongest resolution dependence in-
volve the magnetic field. As the dynamo amplification and
the level of saturation of turbulent dynamo depend on high
Reynolds number, which is a resolution-dependent quantity,
and the tangling of magnetic field requires higher resolution
to resolve, higher grid resolution would produce more con-
verged results. We can clearly see this behaviour in the mag-
netic field (fourth panel), plasma β (fifth panel) and Alfve´n
Mach number (sixth panel). We see that a grid resolution
of 1283 cells is not enough for simulating the compression
of supersonic, magnetized turbulent gas in the context of
molecular cloud formation. We need at least a grid resolu-
tion of 2563 for this study to achieve convergence to within
a factor of ∼ 2 at all a. We conclude that for our standard
resolution of 5123 we obtain reasonable, nearly converged
results for the integrated cloud quantities that have focused
on in this study.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. Convergence of integrated quantities with numerical
grid resolution for the MHD-Medium compression (ω/H = −1)
model. In each panel, we show results from three different sim-
ulations with grid resolutions of 1283 (black), 2563 (green) and
5123 (blue) cells.
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